Background and objectives: Hypertension and proteinuria are common but poorly understood renal toxicities of vascular endothelial growth factor (VEGF) receptor signaling pathway inhibitors. In this phase II study of cediranib (AZD2171) for recurrent epithelial ovarian cancer, the time course and severity of BP changes and proteinuria were characterized.
I
nhibitors of the vascular endothelial growth factor (VEGF) receptor signaling pathway (VSP) are promising agents for treatment of malignancies. Bevacizumab, sorafenib, sunitinib, and pazopanib have all been approved to treat solid tumors. Cediranib (AZD2171) is an oral small-molecule inhibitor of VEGF receptor 1 (VEGFR-1), VEGFR-2, VEGFR-3, PDGFR, and c-kit that is currently in phase II testing for the treatment of tumors such as epithelial ovarian carcinoma, nonsmall cell lung cancer, glioblastoma, and colon cancer (1) (2) (3) (4) . Because the primary toxicities of this drug class are on-target effects related to VSP inhibition, toxicities may be more common or severe with the newer, more potent members of this drug class currently in development. Understanding the pathophysiology and management of these toxicities is required to optimize safety and tolerability of this promising class of chemotherapy.
Hypertension and proteinuria are known renal toxicities of VSP inhibitors (5) . Hypertension is a mechanism-dependent class effect. Rates of hypertension are as high as 30% to 40% on many forms of these medications, including bevacizumab, sunitinib, and sorafenib (3) (4) (5) (6) (7) . Phase I studies of cediranib demonstrated rates as high as 80%, with 35% of patients developing grade 3 or 4 hypertension (3, 4) . The incidence and degree of proteinuria on these agents are less well characterized but also appear to be a class effect mediated by inhibition of VEGF signaling between glomerular podocytes and endothelial cells, which together form the permeability barrier (8) . Agents with higher potency, such as cediranib, might be expected to have a higher incidence of on-target side effects, such as hypertension and proteinuria, but no data exist beyond phase I trials to address this at present.
Because hypertension and proteinuria are mechanism-dependent toxicities, these biomarkers of VSP inhibition may be useful in optimizing individualized drug dosing (9, 10) . The development of hypertension has been associated with improved anticancer responses in breast, colon, and renal cell carcinomas (11) (12) (13) . An association between proteinuria and outcomes has not been reported.
To assess the utility of hypertension and proteinuria as pharmacodynamic markers of VSP inhibition, the time course, risk factors, and pathophysiology for these toxicities must be characterized. In this study, we have investigated the time course for development of hypertension and proteinuria in patients receiving cediranib.
Patients and Methods

Study Population
Forty-six patients ages 41 to 77 years with recurrent epithelial ovarian carcinoma were enrolled in an open-labeled, phase II study of singleagent cediranib between September 2005 and November 2008, and they were followed for the entire duration of cediranib treatment (14) . The primary objective of this study was assessment of overall response. Investigation of toxicities was a secondary objective. Inclusion and exclusion criteria have been previously described (14) . Notably, exclusion criteria included Ͼ1ϩ albuminuria by dipstick and uncontrolled hypertension (systolic BP (SBP): Ͼ150 mmHg or diastolic BP (DBP): Ͼ90 mmHg). The initial daily dose of cediranib was 45 mg. After excessive toxicities were observed in the first 11 patients, this was decreased to 30 mg. The two most common reasons for dose reduction were fatigue and diarrhea (14) .
Measurement of BP
Baseline BP was measured in oncology clinic. Patients received a home BP cuff (provided by AstraZeneca) and instructions by study nurses on techniques for measuring BP twice daily according to The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure guidelines (15) . BP management was dictated by study protocol using Common Terminology Criteria for Adverse Events v3.0 toxicity grades, and home BP measurements were used for grading of this toxicity. Grade 1 is a transient (Ͻ24 hours) BP elevation Ͼ150/100 or a rise in DBP of Ͼ20 mmHg. Grade 2 is defined by the same parameters as grade 1 but Ն24 hours. Grade 3 is defined as grade 2 hypertension not controlled after 48 hours of per-protocol antihypertensive treatment. Grade 4 is a hypertensive crisis. The study protocol had guidelines for medical management of BP, frequency of monitoring, and cediranib dose modifications on the basis of BP. The goal was to keep the BP Ͻ150/90, with medication choice at the discretion of the provider. If the BP remained elevated, the study medication was stopped for 24 to 48 hours and restarted at a lower dose as prespecified by the protocol.
Measurement of Proteinuria
A urinalysis was performed at baseline and every 2 weeks during the study period. If the dipstick urine albumin was Ͼ1ϩ, a 24-hour urine protein or a spot urine protein-creatinine ratio (UPC) was performed to further quantify the proteinuria, assuming that a UPC of 1 was equivalent to 1 g of protein over 24 hours (16) . Patients were diagnosed with Common Terminology Criteria for Adverse Events v3.0 grade 1 proteinuria for 1ϩ dipstick albumin or between 0.15 and 1.0 g per 24 hours, grade 2 for 2ϩ or 3ϩ on dipstick or between 1.0 and 3.5 g per 24 hours, grade 3 for 4ϩ on dipstick or Ͼ3.5 g per 24 hours, or grade 4 for development of the nephrotic syndrome. If the protein level was between 1 and 2 g per 24 hours, the medication dose was decreased. If it was Ͼ2 g per 24 hours, the medication was held until it fell back below 2 g per 24 hours and restarted at a lower dose. In some instances, patients with nephrotic syndrome were continued on the medication if there was clinical benefit.
Analysis of Covariates
Other covariates included age, body mass index, prior hypertension, family history of hypertension or cardiovascular disease, and estimated GFR (eGFR) by the Chronic Kidney Disease Epidemiology Collaboration equation, chosen instead of the Modification of Diet in Renal Disease equation because of increased accuracy with values of eGFR Ͼ60 ml/min per 1.73 m 2 (17) . Age was examined by dividing the patients into those older and younger than the median age of 57 years, and also by analyzing patients 65 years and older separately. Covariate information was obtained from medical records. We also analyzed the relationship between hypertension and proteinuria and tumor responsiveness, but because of small numbers with data on tumor responsiveness (n ϭ 35), this was limited.
Data and Statistical Analyses
Relative risks (RRs) and 95% confidence intervals (95% CIs) were calculated for comparison of two dichotomous variables. P values were obtained by 2 analyses.
Because of the low threshold for addition of BP medications, presence or absence of hypertension was defined not only by actual BP values, but also by the number of additional BP medications or changes in medication doses. Development of hypertension was defined as the addition of at least one BP medication, a new SBP Ͼ140 mmHg or DBP Ͼ90 mmHg (the definition of hypertension by Joint National Committee 7 guidelines) (15), or if a patient had prior hypertension, a rise in SBP of Ͼ20 mmHg or DBP of Ͼ15 mmHg. Hypertension was analyzed dichotomously. Development of hypertension in 3 days was analyzed separately from overall development of hypertension.
Proteinuria was evaluated as a general category of all proteinuria, but also as proteinuria Նgrade 2.
The associations between proteinuria and hypertension and tumor responsiveness were analyzed with 2 analyses. Tumor responsiveness was defined as a Response Evaluation Criteria in Solid Tumors (RECIST) response of either stable disease or partial remission, with progressive disease defined as "nonresponsiveness" (18) . BP values were normally distributed. Means at different time points were compared with a paired t test. BPs between age groups were analyzed by the standard t test. SAS v9.1 statistical software was used for statistical analyses (SAS Institute Inc., Cary, NC).
Results
Patient Characteristics
The cohort for analysis consisted of 46 women. The median age was 57 years, and 98% were white. At baseline, 26% of the women had hypertension, and all women had Ͻ1ϩ albuminuria on dipstick. Median study length was 84 days, with a minimum of 6 days and maximum of 544 days ( Table 1) .
Kinetics of Hypertension and Proteinuria
By day 3, 67% of women developed hypertension, 73% developed it by day 7, and 87% developed it by the end of the study. 43% of women developed grade 3 hypertension during the study. Additional BP medications were required by day 3 in 28% of women, in 43% by day 7, and in 70% by the end of the study (Figure 1 ). There was considerable variability in the degree of BP change throughout the study cohort, ranging from a change in mean arterial pressure between days 0 and 3 of Ϫ9 mmHg to ϩ53 mmHg. (Figure 2) .
The average SBP at baseline was 120 Ϯ 16 mmHg, and by day 3 the average SBP had risen to 139 Ϯ 18 mmHg (P Ͻ 0.0001 for the difference). Average DBP at baseline was 73 Ϯ 10 mmHg and rose to 90 Ϯ 11 mmHg by 3 days (P Ͻ 0.0001 for the difference). With the addition of BP medications, the average BP did not continue to rise over the rest of the study (Figure 3 ).
Fourteen women (30%) developed proteinuria, with 7 (15%) developing grade 2 proteinuria. There were no instances of grade 3 or 4 proteinuria. Of those who developed proteinuria during the study, 50% developed this toxicity by 2 weeks, 92% by 4 weeks, and 100% by 6 weeks (Figure 4) . Three women had follow-up 24-hour urines, with protein values of 1085, 222, and 35 mg, respectively. Two women had UPC ratios for 2ϩ proteinuria, with values of 0.2 and 0.211, respectively.
Weights decreased in most participants over the course of the study. The median weight at baseline was 67.3 kg, at 2 weeks it was 66.0 kg, and at 4 weeks it was 64.6 kg. 
Risk Factors for Development of Hypertension and Proteinuria
Age Ն57 years predicted development of hypertension in the first 3 days of treatment, and it also predicted a larger average increase in SBP at day 3 than in those Ͻ57 years (15.9 versus 7.0 mmHg; P ϭ 0.02). Being age Ն65 years showed a trend toward rapid development of hypertension over the first 3 days (RR: 1.41; 95% CI: 0.98 to 2.02). Body mass index, eGFR, family history of hypertension or cardiovascular disease, and prior hypertension did not predict development of hypertension, nor did starting dose of cediranib ( Table 2 ). The only significant predictor of proteinuria was the starting dose of cediranib. Those patients who received the 45-mg dose were 3.2 times more likely to develop proteinuria than those who received the 30-mg dose (P ϭ 0.006).
We examined the association between development of hypertension and proteinuria. Overall, 12 of the women (86%) with proteinuria developed hypertension, whereas 28 women (88%) without proteinuria developed hypertension. All patients who developed grade 2 proteinuria developed hypertension. However, hypertension alone did not increase the risk of proteinuria (Table 2) . Of the 20 patients who developed grade 3 hypertension, only 7 (35%) developed proteinuria. Given that urinalyses were not checked until 14 days on study medication, we cannot ascertain whether hypertension preceded proteinuria. However, in one patient, hypertension did not develop until day 44 and proteinuria was present at 2 weeks, suggesting that proteinuria preceded hypertension in this individual.
Neither hypertension nor proteinuria correlated with RE-CIST response, but the confidence intervals were wide for these analyses. For hypertension at 3 days, the RR of a RECIST response was 0.77 (95% CI: 0.32 to 1.80), and for grade Ն2 proteinuria the RR of a response was 1.32 (95% CI: 0.52 to 3.33). A combination of the toxicities also did not correlate with response (data not shown).
Discussion
Single-agent cediranib for recurrent epithelial ovarian cancer caused a rapid BP rise in a majority of patients. Older age was a risk factor for developing hypertension. Although not as common as hypertension, proteinuria was a toxicity of therapy, was dose-dependent, and rose rapidly.
In the only published study describing daily BP on VSP inhibitors, Maitland et al. (19) reported a rise in BP with sorafenib over the first 24 hours. Kinetics of proteinuria have not been previously published for any VSP inhibitor.
Our prevalence rates for hypertension and proteinuria are consistent with phase I trials of cediranib but are much higher than rates for older VSP inhibitors. In one study for treatment of non-small cell lung cancer, 80% of the patients initiated on cediranib developed hypertension, with grade Ն3 hypertension Figure 4 . Kinetics of development of proteinuria. Baseline was before initiation of cediranib. Urinalysis was performed every 2 weeks, and all patients who developed proteinuria during the study had developed this toxicity by 6 weeks. Data are from all patients for whom we have urinalysis data for at least one follow-up (n ϭ 45). in 35% (3). Proteinuria was not reported. However, in another phase I study of 40 patients on cediranib for multiple solid tumors, proteinuria occurred in varying grades in 68% of patients and appeared to be dose-dependent, and grade 4 proteinuria was a dose-limiting toxicity in one patient. In this study, 80% of patients also developed hypertension, but only one patient developed grade 3 hypertension (4). The association between hypertension and proteinuria on VSP inhibitors has only been explored in one study. In a phase III trial of capecitabine compared with bevacizumab plus capecitabine for metastatic breast cancer including 462 patients, Miller et al. (20) showed that patients who developed proteinuria were more likely to develop hypertension than those who did not develop proteinuria (47% versus 16%; P Ͻ 0.001). In our study, 86% of patients who developed proteinuria also developed hypertension, whereas 88% of those who did not develop proteinuria developed hypertension. The prevalence of hypertension in our study was higher, but cediranib has a higher potency for VSP inhibition than bevacizumab.
In our study, up to 65% of patients who developed hypertension Նgrade 3 did not develop proteinuria, and in at least one patient, the proteinuria preceded the hypertension. This suggests that mechanisms of VSP inhibitor-induced hypertension and proteinuria differ, despite the fact that each is likely a mechanism-dependent toxicity. It also indicates that proteinuria is not simply a secondary consequence of hypertension, which is consistent with the important role of podocyte-derived VEGF in maintaining the glomerular filtration barrier (21) .
The mechanism by which VSP inhibitors induce hypertension in humans is not yet clear. Inhibition of VEGF-dependent vasodilatory pathways such as nitric oxide (NO) has been proposed, but capillary rarefaction causing increased systemic vascular resistance has also been proposed. Preclinical evidence supports both hypotheses (10, 22) . Our results, in which a majority of patients developed hypertension within 3 days of treatment, suggest that acute inhibition of NO signaling is playing an important role. The ability of infused VEGF to directly induce hypotension in an NO-dependent fashion supports this model (23) (24) (25) . Although early stages of capillary regression can be measured as early as 24 h after drug initiation in mouse models, capillary density is not decreased by Ͼ50% until after at least 7 to 14 days (26, 27) . This has not been tested in humans earlier than 5 weeks into drug therapy, but there was shown to be evidence of decreased capillary density at 5 weeks with telatinib treatment (28) . It is unlikely, given this evidence, that such a significant degree of BP elevation within 3 days would be due to capillary rarefaction alone. However, this needs further investigation.
Another potential cause of hypertension is activation of the renin-angiotensin-aldosterone axis by decreased renal blood flow in the setting of thrombotic microangiopathy. Our finding that weights decreased while BP increased argues against this hypothesis, because hyperreninemia should result in decreased natriuresis, and therefore increased weight. In a study by Facemire et al. (25) using DC101, a VEGF receptor inhibitor in mice, renin mRNA and aldosterone urinary excretion were actually decreased compared with control mice. In the only published study examining this question in humans, in 20 patients taking sorafenib, renin and aldosterone levels were not increased (29) . This was a small study, and further investigation is needed, but these findings are consistent with systemic vasoconstriction as the mechanism of VSP-induced hypertension.
Hypertension from any of these causes could be further perpetuated by a blunting of pressure natriuresis due to VSP inhibition (30) . Cyclic GMP, a downstream effector of NO, is required for the natriuretic response of the kidney proximal tubule in both rats and humans in the setting of elevated renal perfusion pressure (31, 32) . VSP inhibitors may therefore blunt pressure natriuresis through endothelial NO synthase inhibition, further exacerbating hypertension. Although the weight loss observed in this cohort could be due to pressure natriuresis, we think it more likely reflects medication side effects, such as diarrhea, which was seen in 31% of the cohort (14) .
Evidence to date indicates that VSP inhibitor-mediated proteinuria reflects disrupted glomerular podocyte to endothelial VEGF signaling, although the precise mechanism for this effect has not yet been elucidated (5) . Podocytes express high levels of VEGF. In animal models, podocyte-specific VEGF deletion causes endotheliosis, proteinuria, and thrombotic microangiopathy-the same pathologic lesion seen in human kidney biopsy specimens from patients with proteinuria on VSP inhibitors (21) . Our observation that proteinuria may develop within weeks of starting therapy is considerably earlier than previously reported, and proteinuria below dipstick levels may appear even earlier. This indicates either that subclinical thrombotic microangiopathy may develop rapidly in some patients or, alternatively, that VSP inhibition alters the permeability of the glomerulus in unanticipated ways. In support of the latter possibility, NO inhibition directly increases proteinuria in some animal models (33) . Podocytes express soluble guanylate cyclase, the NO receptor. The resultant cyclic GMP molecule may regulate the podocyte cytoskeleton, determining glomerular permeability. Thus, NO inhibition may underlie podocyte damage and albuminuria from VSP inhibition (34) . More systematic measurements of the time course and magnitude of proteinuria on VSP inhibitors are required to approach these questions. Our findings lend credence to the necessity of these future studies.
We were unable to effectively study the association between hypertension and proteinuria and tumor response. Larger studies are needed to investigate the utility of quantitative proteinuria as a biomarker for VSP inhibition, and potentially clinical efficacy, in patients receiving cediranib. Proteinuria is simple to measure quantitatively, unlike BP, which can vary considerably in outpatients unless measured using ambulatory blood pressure monitoring, which is not amenable to common clinical practice.
Our study is limited by size. As a consequence, some of our findings showed trends but did not reach statistical significance. Power was further decreased with tumor response analyses. Given the observed trends, future research with larger studies is warranted. Although BP was measured twice daily, we did not use ambulatory blood pressure monitoring to quantify average BP over a 24-hour period, increasing the variability of the BP measurements. We did not further quantify the proteinuria data by use of UPC ratios in all women, so we may have missed proteinuria at its early stages. Urine dipstick albumin levels can be influenced by urine concentration, thus there may have been some misclassification of proteinuria.
Conclusions
Understanding the time course, risk factors, and mechanisms of hypertension and proteinuria induced by VSP inhibition will be critical for optimizing the safety, tolerability, and perhaps efficacy of this promising drug class. Clinicians, especially nephrologists, need to be aware that hypertension and proteinuria can occur early in the course of therapy and should monitor and manage this toxicity appropriately with antihypertensive therapies. Greater awareness of proteinuria as a mechanism-dependent toxicity of VSP inhibition is needed, because proteinuria occurs early after treatment initiation and is less cumbersome to accurately quantify than BP. More studies are necessary to explore mechanisms of these toxicities, and larger studies are required to identify additional risk factors, define optimal dosing and toxicity management strategies, and correlate hypertension and proteinuria with outcomes.
